BACKGROUND
==========

In the marine environment, the inorganic form of mercury combines with organic matter from sediments and is converted into organic mercury, particularly methyl mercury, which may subsequently concentrate in higher organisms via the ocean\'s food chain \[[@B1]\]. The Korean Peninsula is surrounded by ocean on 3 sides, and Koreans are known consumers of large amounts of seafood \[[@B2]\]. The mercury intake in Korean adults is 18.8 μg/day, and \> 90% exposure has been reported to be derived from seafood \[[@B3]\]. The Korean National Environmental Health Survey (KoNEHS) cycle 2, from 2012 to 2014, reported that the average blood mercury level of 3.11 μg/L was high and was associated with fish and shellfish dietary habits \[[@B4]\].

It has previously been reported that mercury accumulation has side effects on the central nervous and urinary system \[[@B3]\]. It has also been reported that mercury levels can affect the cardiovascular system \[[@B5][@B6][@B7][@B8]\]. One study showed an average increase of 8 mm every 4 years in the intima media thickness of the coronary artery for each 1 μg/g increase in hair mercury level \[[@B8]\]. Wiggers et al. \[[@B9]\] using in animal experiments also reported that mercury exposure can induce endothelial cell dysfunction.

In 2016, 58.2 and 45.8 of every 100,000 people died from heart disease and cerebral vascular diseases, respectively. These were ranked second and third among the causes of death in Korea \[[@B10]\]. Although numerous studies of exercise and medication to prevent and treat cardiovascular disease have been conducted, cardiovascular disease remains a major cause of death \[[@B11]\]. Among the various contributing factors, dyslipidemia is one of the most important risk factors for cardiovascular disease \[[@B12]\], and the oxidation of low-density lipoprotein cholesterol (LDL-C) is known to play an important role in atherogenesis \[[@B13]\]. Salonen et al. \[[@B14]\] reported that a large mercury intake was associated with acute myocardial infarction and can cause lipid peroxidation and that hair mercury concentration was a significant predictor of oxidized LDL-C immune complex titers.

Several studies have reported conflicting results on the association between blood cholesterol levels and blood mercury concentrations (BHg) and urine mercury concentrations (UHg). One study involving 477 Korean individuals reported a significant association between BHg and lipid profiles \[[@B15]\]. Lim et al. \[[@B16]\] reported that total cholesterol (total-C), triglyceride (TG), and LDL-C levels had a significant positive association with hair mercury concentrations, whereas heart rate and high-density lipoprotein cholesterol (HDL-C) levels had a negative association with hair mercury concentrations. In a recent study of 1,890 adolescents, total-C and LDL-C levels significantly increased as the total blood mercury concentration increased in males \[[@B17]\]. However, in a 2009--2010 study using data from the Korean National Health and Nutrition Examination Survey (KNHANES), which examined the effects of heavy metals in blood, HDL-C and lead concentrations in blood were relevant, but mercury concentrations showed no significant difference between the normal and abnormal groups in terms of total-C, HDL-C, and LDL-C levels \[[@B18]\]. In an analysis of the 2005--2010 KNHANES, the association between blood mercury levels and metabolic syndrome was not significant \[[@B19]\].

Although high mercury concentrations have been reported to increase the risk of cardiovascular disease \[[@B14]\], the association between mercury concentrations and lipid profiles remains controversial, and more studies are needed to clarify this association. Previous studies regarding the association between mercury exposure and lipid profiles have been limited to small samples containing a narrow range of mercury concentrations. Few studies have been conducted based on stratified samples that could represent the entire adult population, with insufficient data to determine an association between mercury concentrations and lipid profiles.

Therefore, based on the latest large-scale environmental health survey (KoNHES 2015--2017), this study analyzed the association between mercury concentrations and lipid profiles in a Korean sample population and evaluated mercury concentration as a risk factor for dyslipidemia.

METHODS
=======

Study participants
------------------

This study was conducted using data from the KoNEHS cycle 3 (2015--2017). KoNEHS cycle 3 was a large-scale bio-monitoring program implemented by the National Institute of Environmental Research that tested levels of exposure to environmental pollutants such as lead and mercury in the Korean population from 2015 to 2017. Blood and urine samples from 6,167 people were collected from 233 regions across Korea to analyze the concentrations of 26 types of harmful environmental substances. Moreover, factors concerning exposure to environmental harmful substances were identified through a survey. The survey responses provided information regarding lifestyle characteristics and laboratory test results and included information on factors such as sex, age, educational levels, cigarette smoking status, and alcohol consumption status. Of the 6,167 surveyed respondents, there were 571 infants aged ≥ 3 years, 887 elementary school students, 922 middle and high school students, and 3,787 adults aged ≥ 19 years. In this study, infants and elementary, middle, and high school students were excluded from the sample. Additionally, respondents taking medication for dyslipidemia and those with TG levels ≥ 400 mg/dL, which are not suitable for the calculation of LDL-C (Friedewald equation), were also excluded. Finally, a total of 3,228 adults aged ≥ 19 years were enrolled in this study.

Method of measuring mercury concentrations
------------------------------------------

Using KoNEHS data, BHg and UHg were analyzed using the following methods \[[@B20]\]. Blood samples were taken from blood collection containers (vacutainer royal blue cap) containing an anticoagulant (ethylenediaminetetraacetic acid). The samples were kept frozen at -20°C until analysis. BHg were analyzed at a wavelength of 254.65 nm using a gold amalgam mercury-only analyzer (gold amalgamation direct mercury analyzer, DMA-80, Milestone). According to quality control (QC) samples, the means ± standard deviation (SD) for the years 2015, 2016, and 2017 were 1.50 ± 0.05 μg/dL, 1.33 ± 0.06 μg/dL, and 1.30 ± 0.06 μg/dL, respectively, and the accuracy means ± SD were 100.5 ± 3.5%, 95.8 ± 4.6%, and 91.7 ± 5.6%, respectively. Urine samples were taken from sterilized urine collection containers (specimen cup). The samples were kept frozen at −20°C until analysis. UHg were analyzed at a wavelength of 253.7 nm using a gold amalgam mercury analyzer. According to the results of accuracy measurements using QC samples (G-EQUAS), the mean ± SD UHg were 0.47 ± 0.06 μg/dL, 0.23 ± 0.03 μg/dL, and 0.42 ± 0.03 μg/dL, respectively, and the accuracy means ± SD were 88.5 ± 8.1%, 76.8 ± 7.5%, and 102.2 ± 6.9%, in 2015, 2016, and 2017, respectively.

Serum lipid profiles
--------------------

Serum lipid profiles were analyzed using the following KoNEHS data \[[@B21]\]. Total-C was analyzed at a wavelength of 505/694 nm using colorimetric analysis (colorimetry, enzymatic method, ADVIA 1800, Siemens). A reagent reaction method is an endpoint method (one reagent) that measures absorbance at the end of the specimen and reagent reaction. HDL-C was measured through analyzing quinonimine produced after a peroxidase reaction with hydrogen peroxide, produced through acting on a cholesterol oxidase at a wavelength of 596 nm, with a colorimetric analysis (colorimetry, elimination/catalase method, ADVIA 1800, Siemens). TG levels were measured by analyzing hydrolyzed glycerol and produced by lipoprotein lipase at a wavelength of 505/694 nm with a colorimetric analysis (colorimetry, GPO Trinder without serum blank method, ADVIA 1800, Siemens). Since LDL-C was not measured directly in the survey, it was obtained using the Friedewald equation. Therefore, values with a TG of ≥ 400 mg/dL could not be used in the LDL-C formula, and those samples were treated as missing values.

Social and lifestyle characteristics
------------------------------------

We analyzed age, sex, educational levels, body mass index (BMI), cigarette smoking status, and alcohol consumption status as factors that could affect lifestyle profiles. Age was divided into 6 categories: 19--29 years, 30--39 years, 40--49 years, 50--59 years, 60--69 years, and ≥ 70 years old. Educational levels were divided into 2 categories, namely, high school graduate or lower and college graduate or higher. BMI (kg/m^2^) was divided into 3 categories, namely, \< 23, ≥ 23 and \<25, and ≥ 25 kg/m^2^. Cigarette smoking status was divided into 3 categories, namely, never smoker, past smoker, or current smoker. Alcohol consumption status was divided into yes or no response categories. The frequency of fish and shellfish consumption was divided into 5 categories, namely, rarely, once a month, 2--3 times a month, once a week, and ≥ 2 times a week.

Statistical analyses
--------------------

KoNEHS cycle 3-designed samples have been stratified for estimating the representative values for the Korean population \[[@B22]\]. A sampling method was applied using a 2-stage probability proportional sampling method, whereby the primary extraction unit was the survey zone and the secondary extraction units were the household and the individual zones. Design weights were calculated to reflect the differences in the sampling probabilities of households within the survey zone that appeared as a result of the application of the 2-stage stratification probability proportional system extraction method during sampling. Therefore, all statistics in this study were analyzed using a general linear Statistical Package for the Social Sciences (SPSS) model version 25.0 (SPSS Inc., Chicago, IL, USA), considering the stratification variables and weights. We considered the results to be statistically significant at a level of 5%.

Mercury concentrations according to the respondents\' general characteristics are expressed as arithmetic and geometric means (GMs). We calculated the GM of mercury using the antilog of the mean of the logarithm transformed value. Linear tendency (*p*-trend) was verified to compare lipid profiles according to changes in body mercury concentrations. Multiple linear regression analysis of the general linear model was used to determine the association between the BHg and cholesterol levels. This was analyzed by adjusting for age, sex, cigarette smoking status, alcohol consumption status, educational level, BMI, and seafood consumption habit. The associations between BHg and adjusted cholesterol levels are shown in a scatterplot. To visualize changing cholesterol levels according to BHg, locally estimated scatterplot smoothing (LOESS) and regression lines are also shown in the scatterplot. LOESS smoothing draws the most suitable forecast line according to data sections.

Ethics statement
----------------

This study was approved by the Institutional Review Board (IRB) of Yeungnam University Hospital (IRB file No. 2019-08-025). All participants provided written informed consent for inclusion in the study.

RESULTS
=======

General characteristics
-----------------------

Of the 3,228 respondents, 1,400 (43.4%) were males and 1,828 (56.6%) were females. Regarding age, respondents in their 50s (23%) comprised the largest portion of the total population, whereas those in their 20s (8.3%) comprised the smallest portion ([Table 1](#T1){ref-type="table"}). Concerning BMI, 35.5% of the respondents had a BMI \< 23 kg/m^2^, and 27.4% and 24.8% of males and females had a BMI within the normal range (23--25 kg/m^2^), respectively. Among current smokers, 454 (32.4%) were males and 49 (2.7%) were females. The number of respondents who consumed alcohol was higher than that of those who did not (males, 91.3%; females, 72.3%). In terms of educational levels, 896 males (64.0%) and 1,281 females (70.1%) reported their educational level to be "high school graduate or lower," which was a substantially larger percentage than those who responded with "college graduate or higher."

###### General characteristics of study population

![](aoem-32-e19-i001)

  Variables       Total                            Males          Females        
  --------------- -------------------------------- -------------- -------------- --------------
  Total (%)       3,228 (100)                      1,400 (43.4)   1,828 (56.6)   
  Age (years)                                                                    
                  19--29                           268 (8.3)      128 (9.1)      140 (7.7)
                  30--39                           505 (15.6)     201 (14.4)     304 (16.6)
                  40--49                           568 (17.6)     240 (17.1)     328 (17.9)
                  50--59                           744 (23.0)     292 (20.9)     452 (24.7)
                  60--69                           726 (22.5)     342 (24.4)     384 (21.0)
                  ≥ 70                             417 (12.9)     197 (14.1)     220 (12.0)
  BMI (kg/m^2^)                                                                  
                  \< 23                            1,147 (35.5)   418 (29.9)     729 (39.9)
                  ≥ 23 and \< 25                   838 (26.0)     384 (27.4)     454 (24.8)
                  ≥ 25                             1,243 (38.5)   598 (42.7)     645 (35.3)
  Smoking                                                                        
                  Never smoked                     2,088 (64.7)   348 (24.9)     1,740 (95.2)
                  Past smokers                     639 (19.7)     598 (42.7)     39 (2.1)
                  Current smokers                  503 (15.6)     454 (32.4)     49 (2.7)
  Drinking                                                                       
                  Yes                              2,600 (80.5)   1,278 (91.3)   1,322 (72.3)
                  No                               628 (19.5)     122 (8.7)      506 (27.7)
  Education                                                                      
                  High school graduation or less   2,177 (67.4)   896 (64.0)     1,281 (70.1)
                  College graduation or more       1,051 (32.6)   504 (36.0)     547 (29.9)

Values are presented as number (%).

BMI: body mass index.

Mercury concentrations according to demographic characteristics
---------------------------------------------------------------

The arithmetic mean (AM) of BHg for all study respondents was 2.91 (2.81--3.02) μg/L, and the GM was 2.71 (2.59--2.85) μg/L. The AM of UHg was 0.52 (0.48--0.56) μg/L, and the GM was 0.35 (0.33--0.38) μg/L ([Table 2](#T2){ref-type="table"}). The GMs of BHg were 3.23 (3.01--3.47) μg/L and 2.29 (2.19--2.40) μg/L in males and females, respectively. The GMs of UHg were 0.40 (0.37--0.43) μg/L and 0.32 (0.30--0.34) μg/L in males and females, respectively. The GM of BHg in this study (KoNEHS cycle 3) was 2.71 μg/L, which was lower than those reported in KoNEHS cycle 2 (3.11 μg/L) and KoNEHS cycle 1 (3.08 μg/L).

###### Blood & urine mercury concentrations of study population by sex, age, BMI, smoking, drinking, education level
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  Variables       No.                              BHg (µg/L)          UHg (µg/L)                                                  
  --------------- -------------------------------- ------------------- ------------------- ------------------- ------------------- -------------------
  Total           3,228                            2.71 (2.59--2.85)   2.91 (2.81--3.02)   0.35 (0.33--0.38)   0.52 (0.48--0.56)   
  Sex                                                                                                                              
                  Male                             1,400               3.23 (3.01--3.47)   4.14 (3.86--4.42)   0.40 (0.37--0.43)   0.57 (0.52--0.62)
                  Female                           1,828               2.29 (2.19--2.40)   2.73 (2.59--2.87)   0.32 (0.30--0.34)   0.47 (0.43--0.52)
                  *p*-value                                            \< 0.001            \< 0.001            \< 0.001            0.002
  Age (years)                                                                                                                      
                  19--29                           268                 1.91 (1.72--2.13)   2.26 (2.04--2.48)   0.33 (0.29--0.38)   0.49 (0.38--0.59)
                  30--39                           505                 2.87 (2.66--3.10)   3.51 (3.19--3.83)   0.40 (0.36--0.45)   0.58 (0.51--0.65)
                  40--49                           568                 2.96 (2.78--3.16)   3.62 (3.34--3.90)   0.37 (0.34--0.40)   0.54 (0.47--0.61)
                  50--59                           744                 3.30 (3.09--3.52)   4.17 (3.78--4.56)   0.38 (0.35--0.42)   0.55 (0.49--0.61)
                  60--69                           726                 3.07 (2.82--3.34)   3.93 (3.56--4.30)   0.33 (0.30--0.36)   0.48 (0.42--0.54)
                  ≥ 70                             417                 2.39 (2.14--2.69)   3.08 (2.67--3.49)   0.28 (0.25--0.32)   0.41 (0.35--0.47)
                  *p*-value                                            \< 0.001            \< 0.001            \< 0.001            0.001
  BMI (kg/m^2^)                                                                                                                    
                  \< 23                            1,147               2.29 (2.16--2.44)   2.83 (2.65--3.00)   0.32 (0.30--0.34)   0.48 (0.43--0.53)
                  ≥ 23 and \< 25                   838                 2.94 (2.75--3.14)   3.67 (3.39--3.95)   0.35 (0.32--0.38)   0.49 (0.44--0.54)
                  ≥ 25                             1,243               3.09 (2.92--3.27)   3.91 (3.63--4.18)   0.40 (0.37--0.44)   0.59 (0.52--0.65)
                  *p*-value                                            \< 0.001            \< 0.001            \< 0.001            0.008
  Smoking                                                                                                                          
                  Never smoked                     2,088               2.37 (2.26--2.48)   2.64 (2.53--2.74)   0.33 (0.31--0.35)   0.47 (0.43--0.51)
                  Past smoker                      637                 3.56 (3.32--3.82)   3.53 (3.31--3.74)   0.42 (0.38--0.46)   0.62 (0.55--0.70)
                  Current smoker                   503                 3.29 (2.97--3.65)   3.32 (3.06--3.57)   0.40 (0.36--0.45)   0.59 (0.50--0.68)
                  *p*-value                                            \< 0.001            \< 0.001            \< 0.001            0.003
  Drinking                                                                                                                         
                  Yes                              2,600               2.77 (2.27--2.60)   3.50 (3.31--3.69)   0.36 (0.34--0.39)   0.54 (0.49--0.58)
                  No                               628                 2.43 (2.27--2.60)   2.94 (2.72--3.15)   0.31 (0.29--0.34)   0.43 (0.38--0.47)
                  *p*-value                                            \< 0.001            \< 0.001            0.001               \< 0.001
  Education                                                                                                                        
                  High school graduation or less   2,177               2.61 (2.45--2.78)   3.32 (3.09--3.55)   0.34 (0.32--0.37)   0.49 (0.45--0.54)
                  College graduation or more       1,051               2.87 (2.71--3.02)   3.56 (3.31--3.80)   0.37 (0.35--0.40)   0.56 (0.50--0.62)
                  *p*-value                                            0.012               \< 0.001            0.050               0.274

BMI: body mass index; BHg: blood mercury concentrations; UHg: urine mercury concentrations; GM: geometric mean; CI: confidence interval; AM: arithmetic mean.

BHg were significantly higher in males than those in females. As age increased, BHg tended to increase and subsequently decrease, with an overall peak in respondents in their 50s. UHg showed a decreasing tendency as age increased. The BHg and UHg in respondents who had a history of smoking were significantly higher than in those who had never smoked.

BHg were significantly higher in respondents who consumed alcohol than in those who did not, with a significant difference in UHg. BHg were significantly higher in respondents with a higher educational level compared to those with a lower educational level, whereas UHg were not significantly different.

Blood lipid and mercury concentration levels
--------------------------------------------

A comparison of lipid profiles according to quartile of BHg showed that total-C, HDL-C, and LDL-C levels in males and total-C, TG, and LDL-C levels in females have a significant tendency to increase with BHg ([Table 3](#T3){ref-type="table"}). However, BHg were not associated with TG levels in males or HDL-C levels in females. Total-C, TG, and LDL-C levels increased in males according to UHg, and P-value and P-trend results were found to be statistically significant.

###### Blood lipid levels according to quartile groups of blood and urine mercury levels in males and females
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  Variables                         Total-C                       HDL-C           TG             LDL-C           
  --------------------------------- ----------------------------- --------------- -------------- --------------- ---------------
  Blood mercury levels in males                                                                                  
                                    Q1 (0.430--2.249) (n = 350)   173.25 ± 3.57   50.61 ± 0.88   158.01 ± 5.91   91.03 ± 3.25
                                    Q2 (2.249--3.437) (n = 350)   183.97 ± 2.25   52.90 ± 1.10   165.70 ± 4.74   97.93 ± 2.14
                                    Q3 (3.437--5.437) (n = 350)   186.88 ± 2.27   52.21 ± 0.80   163.77 ± 5.90   101.91 ± 2.12
                                    Q4 (5.437+) (n = 350)         193.06 ± 2.03   54.28 ± 0.99   174.66 ± 5.57   103.84 ± 1.94
                                    *p*-value                     \< 0.001        0.029          0.261           0.006
                                    *p* for trend                 \< 0.001        0.013          0.074           0.001
  Urine mercury levels in males                                                                                  
                                    Q1 (0.070--0.220) (n = 352)   174.31 ± 3.11   52.27 ± 1.00   146.76 ± 5.65   92.69 ± 2.87
                                    Q2 (0.220--0.390) (n = 356)   181.40 ± 2.34   52.85 ± 0.84   176.51 ± 6.16   93.25 ± 2.29
                                    Q3 (0.390--0.710) (n = 348)   188.80 ± 2.77   52.13 ± 0.78   168.63 ± 5.00   102.94 ± 2.67
                                    Q4 (0.710+) (n = 344)         190.32 ± 2.35   52.29 ± 1.18   167.79 ± 5.84   104.47 ± 2.05
                                    *p*-value                     \< 0.001        0.931          0.002           \< 0.001
                                    *P* for trend                 \< 0.001        0.887          0.042           \< 0.001
  Blood mercury levels in females                                                                                
                                    Q1 (0.330--1.690) (n = 457)   180.60 ± 2.13   60.65 ± 0.79   124.45 ± 4.15   95.06 ± 1.99
                                    Q2 (1.690--2.402) (n = 457)   183.81 ± 1.88   62.20 ± 0.97   128.64 ± 4.58   95.89 ± 1.56
                                    Q3 (2.402--3.593) (n = 457)   188.29 ± 2.17   60.19 ± 0.85   136.72 ± 4.38   100.75 ± 1.78
                                    Q4 (3.593+) (n = 457)         191.69 ± 1.98   61.95 ± 1.21   143.10 ± 4.67   101.12 ± 1.90
                                    *p*-value                     0.001           0.327          0.018           0.019
                                    *p* for trend                 \< 0.001        0.654          0.002           0.009
  Urine mercury levels in females                                                                                
                                    Q1 (0.070--0.190) (n = 491)   183.45 ± 1.85   62.08 ± 0.80   133.67 ± 4.31   94.64 ± 1.78
                                    Q2 (0.190--0.320) (n = 442)   185.91 ± 2.21   61.37 ± 1.00   130.75 ± 4.02   98.39 ± 1.91
                                    Q3 (0.320--0.580) (n = 448)   185.45 ± 1.86   59.95 ± 1.01   135.27 ± 4.56   98.44 ± 1.62
                                    Q4 (0.580+) (n = 447)         187.94 ± 2.06   61.23 ± 1.03   129.34 ± 3.96   100.84 ± 1.72
                                    *p*-value                     0.506           0.402          0.766           0.123
                                    *p* for trend                 0.182           0.280          0.654           0.025

Data are shown as mean ± standard error (mg/dL).

Total-C: total cholesterol; HDL-C: high-density lipoprotein cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol.

We investigated the effects of BHg on total-C, HDL-C, TG, and LDL-C levels. After adjusting for age, sex, alcohol consumption status, cigarette smoking status, seafood intake, BMI and educational level, we performed multiple regression analysis and observed that BHg significantly affected total-C, HDL-C, and LDL-C levels, with β-values being 2.927, 0.835, and 1.962, respectively ([Table 4](#T4){ref-type="table"}).

###### Multiple regression analysis between lipid profiles and cardiovascular risk factors
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  Variables         Total-C   HDL-C   TG         LDL-C                                                                     
  ----------------- --------- ------- ---------- -------- ------- ---------- --------- ------- ---------- -------- ------- ----------
  Age               0.142     0.063   0.025      −0.086   0.023   \< 0.001   0.369     0.128   0.005      0.154    0.053   0.004
  Sex               9.314     3.109   0.003      9.885    0.803   \< 0.001   −19.518   4.540   \< 0.001   3.333    2.932   0.257
  Smoking           4.257     3.034   0.162      1.203    1.005   0.233      7.792     5.146   0.132      1.496    2.753   0.587
  Alcohol           1.897     2.078   0.363      4.069    0.724   \< 0.001   −5.305    5.360   0.324      −1.111   1.764   0.529
  Seafood intake    0.796     2.889   0.783      1.130    0.895   0.208      0.893     5.858   0.879      −0.513   2.279   0.822
  BMI               1.091     0.250   \< 0.001   −1.163   0.092   \< 0.001   7.537     0.530   \< 0.001   0.747    0.210   \< 0.001
  Education level   2.869     1.788   0.110      1.152    0.719   0.111      −1.813    3.867   0.640      2.080    1.637   0.206
  BHg (µg/L)        2.927     0.580   \< 0.001   0.835    0.409   \< 0.001   0.647     1.082   0.551      1.962    0.509   \< 0.001

Total-C: total cholesterol; HDL-C: high-density lipoprotein cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; SE: standard error; BMI: body mass index; BHg: blood mercury concentrations.

Based on human bio-monitoring (HBM) I and II, we compared the levels of lipid profiles between the high and low exposure groups ([Table 5](#T5){ref-type="table"}). Samples above the HBM I threshold showed significantly higher total-C, TG, and LDL-C than those below the HBM I threshold. However, based on HBM II, there were no significant differences between the 2 groups. This result is possibly attributed to the small number of samples above the HBM II threshold.

###### Lipid profiles according to HBM I, II
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  Variables   No.     Total-C        HDL-C           TG             LDL-C            
  ----------- ------- -------------- --------------- -------------- ---------------- ---------------
  HBM I                                                                              
              \< 5    2,602 (80.6)   182.95 ± 1.01   56.97 ± 0.46   144.98 ± 2.25    96.99 ± 0.91
              ≥ 5     626 (19.4)     192.82 ± 1.79   56.31 ± 0.92   165.11 ± 4.21    103.48 ± 1.62
  *p*-value           \< 0.001       0.502           \< 0.001       \< 0.001         
  HBM II                                                                             
              \< 15   3,178 (98.5)   184.65 ± 0.94   56.89 ± 0.44   148.19 ± 2.10    98.13 ± 0.84
              ≥ 15    50 (1.5)       183.02 ± 6.47   53.59 ± 3.62   172.64 ± 16.71   94.90 ± 5.76
  *p*-value           0.805          0.368           0.153          0.578            

Data are shown as mean ± standard error (mg/dL) or number (%).

HBM: human bio-monitoring; Total-C: total cholesterol; HDL-C: high-density lipoprotein cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein-cholesterol.

[Fig. 1](#F1){ref-type="fig"} shows a scatterplot of the BHg and cholesterol levels. Cholesterol levels were adjusted for age, sex, alcohol consumption status, cigarette smoking status, seafood intake, BMI, and educational level. Regression lines and LOESS smoothing were drawn on each graph to show their tendencies. We found that total-C, HDL-C, and LDL-C levels increased as BHg increased.

![Lipid profiles and blood mercury concentrations by scatter plot. Total-C, HDL-C, LDL-C show a tendency to increase according to blood mercury concentrations. Solid line represents locally estimated scatterplot smoothing. Dotted line represents regression.\
BHg: blood mercury concentrations; Total-C: total cholesterol; HDL-C: high-density lipoprotein cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol.](aoem-32-e19-g001){#F1}

Diet and mercury intake
-----------------------

After adjusting for age, sex, cigarette smoking status, and alcohol consumption status, our study showed an association between the frequency of fish and shellfish consumption and BHg. We also observed that BHg increased significantly as fish or shellfish intake increased ([Table 6](#T6){ref-type="table"}).

###### Concentrations of blood mercury according to the frequency of fish and shellfish intake
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  Frequency of fish and shellfish intake   BHg (µg/L)    
  ---------------------------------------- ------------- -------------
  Rarely                                   2.22 ± 0.26   2.75 ± 0.11
  1/month                                  2.43 ± 0.12   3.11 ± 0.13
  2--3/month                               2.90 ± 0.12   3.04 ± 0.16
  1/week                                   3.02 ± 0.11   3.47 ± 0.28
  ≥ 2/week                                 3.67 ± 0.14   3.52 ± 0.27
  *p*-value                                \< 0.001      0.004

Data are shown as mean ± standard error. Adjusted by age, sex, smoking and alcohol consumption.

BHg: blood mercury concentrations.

DISCUSSION
==========

In this study, the GM of blood mercury concentration in adults in their 50s was 3.30 μg/L, which was 1.72 times higher than that of those in their 20s (1.91 μg/L). Moreover, as age increased, BHg tended to increase. An increase in heavy metal concentrations in the blood with increasing age is due to the strong accumulating nature of heavy metals in the body and the delay in emission time due to the degradation of the organs with increasing age \[[@B23]\]. In this study, an increasing trend in BHg with age was apparent until a peak was reached for respondents in their 50s, after which a decreased blood mercury concentration was observed in respondents in their 60s. This result was similar to that of a previous study \[[@B24]\].

In this study, the GMs of blood mercury concentration were 3.23 μg/dL in males and 2.29 μg/dL in females. This higher blood mercury concentration in males was also observed in the NHANES 2009--2010 results in the United States (males, 0.88 μg/dL; females, 0.85 μg/dL) \[[@B25]\]; however, this difference was more pronounced in Korea compared to that in the United States.

The association between mercury concentrations and dyslipidemia has not yet been fully established and remains controversial. A large-scale sample study representing a whole population is required to elucidate the association between mercury concentrations and dyslipidemia. Using data from KoNEHS cycle 3, which is a large-scale bio-monitoring survey, we found that total-C, HDL-C, and LDL-C levels in males and total-C, TG, and LDL-C levels in females increased significantly as BHg increased. Furthermore, correlation values and statistically significant differences between BHg and each cholesterol level were identified through multiple regression analysis, after controlling for variables such as cigarette smoking status, alcohol consumption status, age, sex, educational level, seafood intake, and BMI. Based on these results, we found that mercury exposure can increase the risk of cardiovascular disease by changing the lipid profiles. We found that total-C, TG, and LDL-C levels in males increased significantly as UHg increased. Kim et al. also reported that UHg significantly changed the total-C and LDL-C levels \[[@B26]\]. In this study, the association between BHg and lipid profiles was more pronounced than between UHg and lipid profiles.

In this study, there was a sex difference in the association between BHg and UHg and dyslipidemia. The association between mercury levels in the body and lipid profiles was more pronounced in males than that in females. This result may be due to the protective effect of estrogen on lipid metabolism \[[@B17]\].

Some studies have discussed basic mechanisms underlying the association between mercury concentrations and dyslipidemia. Mercury introduced into the human body has a high affinity for sulfhydryl groups. Therefore, mercury might deactivate various enzymatic reactions and sulfur-containing antioxidants, resulting in an increase in oxidative stress, inflammation, endothelial dysfunction, and dyslipidemia \[[@B7]\]. Mercury-induced oxidative damage might reduce the activity of antioxidants such as glutathione peroxidase and cause lipid peroxidation, inflammation, and endothelial cell damage \[[@B27]\]. Animal experiments have also shown that mercury causes oxidative stress through catalyzing reactions that produce reactive oxygen species \[[@B28]\]. The thiol and selenol groups of antioxidants (such as glutathione) or enzymes (such as glutathione peroxidase) can interact with mercury, indirectly resulting in oxidative stress \[[@B29][@B30]\].

Another mechanism of association is that mercury can deactivate paraoxonase-1 (PON1), which is located in HDL-C, and can change lipid metabolic mechanisms \[[@B31][@B32][@B33]\]. Several studies have shown that mercury and other toxic metals can inhibit PON1 activity \[[@B34][@B35][@B36]\]. In animal experiments, the incidence of atherosclerosis increased from 50% to 71% in mice lacking the PON1 gene compared to wild-type mice \[[@B31]\]. This result indicates that PON1 inhibited LDL oxidization and prevented atherosclerosis. In a prospective cohort study in Finland, high mercury concentrations were found to be associated with immune compounds containing oxidized LDL and with the risk of coronary heart disease \[[@B5]\].

The GM of blood mercury concentration in this study was 2.71 μg/L, which was lower than those reported in the 1st KoNEHS (3.08 μg/L) and in the 2nd KoNEHS (3.11 μg/L) \[[@B4]\]. However, it was still higher than the mean blood mercury concentration reported in the NHANES (2009--2010, 1.04 μg/L) and in the Canadian Health Measures Survey cycle 3 (2012--2013, 0.79 μg/L) \[[@B25][@B37]\]. In this study, the GM of BHg was not higher than the HBM I threshold of 5 μg/L; however, the number of samples above the threshold was 626 (19.4%). For a value above the HBM I threshold, the effects of mercury on health cannot be excluded \[[@B38]\]. The proportion of samples above the HBM II threshold (15 μg/L) was 1.5% and was lower than that reported previously. Previous KNHANES results showed that the proportions of people above the HBM I threshold were 42.84%, 35.83%, and 33.05% in 2008, 2009, and 2010, respectively, and the proportion of those above the HBM II threshold were 3.33%, 2,68%, and 1.86% in 2008, 2009, and 2010, respectively \[[@B39]\]. The number of people above this international standard continues to decrease steadily but remains high compared to other developed countries.

The ratio exceeding the HBM threshold remains high in Korea. The reason for Koreans having higher BHg than those in other developed countries is related to seafood consumption \[[@B24][@B40]\]. In a study that analyzed data from the 4th KNHANES, BHg were significantly related to the frequency of seafood intake, but lead and cadmium levels were less strongly associated \[[@B41]\]. Liu et al. \[[@B42]\] reported that Asian populations including Koreans have higher mercury concentrations than non-Asian populations in the United States, and that seafood intake is related to this. Additionally, Ilmiawati et al. \[[@B43]\] reported that high blood mercury level of Japanese population can be explained by frequent intake of predatory fish. In this study, we found that as fish and shellfish consumption increased, blood mercury tended to increase significantly, a result consistent with the results of previous studies ([Table 6](#T6){ref-type="table"}) \[[@B14][@B44][@B45][@B46]\]. These findings support the assumption that an increasing frequency of seafood consumption causes mercury accumulation in the body and changes lipid profiles.

Previous studies regarding the risk of stroke and fish consumption that included cohort surveys involving 5,200 Americans reported that as fish consumption increased, the risk of cardiovascular disease decreased \[[@B47][@B48]\] because of higher levels of unsaturated fatty acids such as omega-3 and long-chain n-3 polyunsaturated fatty acids (PUFAs). Diets rich in seafood are known to have a positive effect on preventing cardiovascular diseases \[[@B19][@B49][@B50][@B51]\].

The association between body mercury content and dyslipidemia depends not only on unsaturated fatty acids but also on selenium levels. Selenium forms an inactive substance with metal and prevents metal-induced oxidative damage \[[@B52]\]. Methyl mercury reduces glutathione, whereas selenium present in seawater is a component of glutathione peroxidase that dilutes the toxicity of methyl mercury \[[@B53]\]. In Kim et al.\'s study, there was a significant association between mercury concentrations and abnormal lipid profiles in groups with lower levels of stored selenium; however, there was no association in groups with selenium levels above a certain level \[[@B53]\]. Although marine food is a source of exposure to methyl mercury, a diet rich in selenium and n-3 PUFAs may offset the risks involved with methyl mercury \[[@B32]\].

Based on previous findings, Korean seafood consumption habits reduce the prevalence of cardiovascular disease. However, excessive consumption could increase the probability of mercury accumulation in the body and induce dyslipidemia, a risk factor for cardiovascular disease. Therefore, it is important to inform people that mercury exposure can be a risk factor for dyslipidemia. Moreover, establishing a standard for the consumption of seafood is required as seafood is known to contain high mercury concentrations.

We adjusted not only for age, sex, smoking, alcohol, BMI, and educational level, which were all statistically significant in the univariate analysis, but also for seafood intake, to better evaluate the association between mercury concentration and lipid profiles. Seafood consumption habits might be a confounding factor affecting the risk of dyslipidemia. Therefore, seafood consumption habits and the main routes of mercury exposure must be assessed. After controlling for all relevant variables including seafood intake, we found that blood mercury significantly affected total-C, HDL-C, and LDL-C levels. As mentioned above, the association between body mercury and dyslipidemia depends on selenium levels. Therefore, future studies will need to adjust for the confounding effects of selenium.

This study analyzed bio-monitoring results for population groups representing the Korean population, and one of the strengths of the study was that generalizing the association between mercury and dyslipidemia was readily achievable. Previous studies assessing the association between mercury concentrations and lipid profiles in Korean adult populations have used data from 477 individuals by You et al. \[[@B15]\], 521 by Park and Seo \[[@B54]\], and 236 by Hong et al. \[[@B55]\], whereas our study was conducted using the data obtained from 3,228 individuals. Obtaining a large population sample size enhances the importance of our study in demonstrating the association between mercury and lipid metabolism. Our results are likely to be reliable as the survey from which the data were obtained was conducted by government agencies and comprised a large number of people.

Regarding our study results, the proportion of samples above the HBM I threshold of 5 μg/L was 19.4%, whereas that above the HBM II threshold of 15 μg/L was 1.5%. In a previous study, the distribution of BHg was insufficient for identifying an association between mercury concentrations and the risk of dyslipidemia (1.48--45.54 μg/L) \[[@B15]\]. However, in this study, blood mercury levels ranged from 0.24 to 63.16 μg/L. As such, a further strength of our study involved our analysis of the capacity-response relationship, because there were several samples with high concentration levels above those of the international standards, and the wide distribution range of mercury concentrations.

This study had some limitations. The KoNEHS cycle 3 questioned individuals concerning their frequency of fish and shellfish intake; therefore, the exact amount of fish consumption cannot be verified. Thus, in further studies concerning the association between fish consumption and mercury concentrations, a more precise method is required, for example, a meal diary to obtain more accurate information. In this study, the LDL-C level was an estimated figure calculated from specific equations, and actual measurements are required in future studies to obtain more accurate results without missing values.

CONCLUSIONS
===========

In conclusion, mercury concentrations among Koreans, due to their fish and shellfish eating habits, were found to be higher than those in other countries. As BHg increased, total-C, HDL-C, and LDL-C levels in males and total-C, LDL-C, and TG levels in females tended to increase. As UHg increased, total-C, TG, and LDL-C levels in males increased. Therefore, a national guidance program is required concerning the danger of mercury exposure as a risk factor for dyslipidemia. Further studies are required to establish the causal association between mercury concentrations and dyslipidemia.
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